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A n e w method is described to calculate the r a t e constant f o r charge t rans fe r (CT) f r o m a n 
exc i ted d y e to a molecular crysta l b y taking into account competing energy t rans fe r to a m e t a l 
e lectrode. F o r the sys tem oxacarbocyanine dye/p-chloranil single c rys ta l in a sandwich arrange-
m e n t w i t h addit ional arachidic acid monolayers a n d e v a p o r a t e d a lumin ium electrodes, b a s e d 
on photocurrent a n d fluorescence measurements Jcqt — ( 1 . 5 ± 0.7) 1 0 9 s e c - 1 has been ca lculated. 

T h i s overa l l ra te constant is discussed in terms of a detai led b u t s imple react ion scheme f o r 
charge carrier injection. I t turned out to be equal to the dissociation ra te constant of the exc i ted 
d y e t imes the q u a n t u m eff ic iency & c t for dissociation of an intermediate " c h a r g e t r a n s f e r " 
s ta te . Dissociat ion occurs f r o m a v ibrat ional ly re laxed exc i ted s tate of the dye . 

F i n a l l y , comparison is m a d e with a s t ra ight forward calculat ion using the wel l -known unipolar 
current dens i ty . N e a r l y quant i ta t ive agreement of est imat ions emphasizes the use of the mono-
layer technique to bui ld " d r y " electrochemical cells in order to s t u d y the principles of photo-
electrochemical reactions. 

1. Introduction 

Energy transfer and charge transfer have for a 
long time been considered to be competing models 
for the description of the sensitizing action of dye 
molecules on the surface of silver halides [1]. 
Moreover, regarding the results for energy transfer 
[2] and taking into account potential considerations 
about electron transfer [3], West [1] has pointed 
out that, provided the energetic requirements for 
energy transfer as well as for electron transfer are 
met, electron transfer could probably compete with 
energy transfer. A distinction between both pro-
cesses should depend on the regeneration process 
and not be possible if this is a fast process [1]. 
More recently, charge transfer from excited dye 
molecules into a silver halide crystal has been 
proved directly by electrochemical techniques 
[4a, b]. 
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Charge carrier injection from excited states into 
molecular crystals has been studied since the 
pioneering work about iodine decay [5] and the 
decay of excited dyes [6] at the phase boundary of 
molecular crystals. Although the energetic require-
ments of the reaction mechanism are rather well 
understood now and can be interpreted as electro-
chemical reactions at electrodes of insulating 
material [4 a] it is very difficult to obtain reliable 
results about reaction rates. In principle, and if 
there are no competing reaction paths, a rate 
constant kcT can be determined from an unipolar, 
electrode-limited current density 

j = ekcT [£>*], (1) 

where e is the electronic charge and [-£)*] the surface 
density of excited dye molecules D*. 

But usually it is the determination of the surface 
density [/)*] that limits severely the applicability 
of this equation. This holds mainly for crystal/ 
solution interfaces because of the competing 
adsorption of solvent and dye molecules and the 
formation of dimers and aggregates. Even with 
inorganic substrates only a few cases can be 
described by simple adsorption kinetics [7]. More-
over, adsorption may influence the decay time of 
excited molecules [8 a, b], and therefore the 
calculation of the density of excited states is not 
unambiguous if data from measurements with the 
dye in solution are used. 
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The use of monolayers avoids adsorption prob-
lems. The amount of adsorbed dye molecules on the 
crystal surface can be controlled by comparison 
with the absorbance of a layer with the same 
composition on a glass slide. Those "dry" electro-
chemical cells with evaporated aluminum electrodes, 
like 

aluminum/crystal/dve, arachidic acid/aluminum 

have a onedimensional geometry perpendicular to 
the phase boundary. The rigid structure in the 
sandwich arrangement prevents the decomposition 
of dye molecules and makes possible stable photo-
currents for a long period. 

With these arrangements it has been shown that 
energy transfer from the excited dye at the crystal 
surface to the adjacent metal competes with charge 
transfer to the crystal and yields decreasing 
photocurrents with decreasing distance of the 
evaporated electrode from the adsorbed dye [9]. 
From absolute ratios of quenched to not quenched 
current densities a rate constant for charge carrier 
injection from an oxacarbocyanine dye into 
p-chloranil crystals has been reported to be &CT = 
(4 ± 2 ) x 108 s-i. 

The present paper reports on a new way to 
determine the rate constant without simplifying 
assumptions. In addition to the previously reported 
results about photocurrent measurements, fluores-
cence measurements of the distance dependent 
quenching of the oxacarbocyanine dye were 
necessary and have been made [10]. The rate 
constant is now &ct= (1.5^0.7) • 109 sec-1. 

It is discussed in terms of an electrode limited, 
unipolar current density of a heterogeneous charge 
transfer reaction, based on a simple reaction 
scheme that is also developed. 

2. Experimental 

The preparation of the measuring cells for the 
photocurrent measurements has partially been 
described elsewhere [9, 11]. In more detail, the 
sandwich arrangements have been built in several 
steps (Figure 1). At first, one electrode of aluminum 
is evaporated in vacuo onto one of the (a, b)-
surfaces of the p-chloranil single crystals that have 
been grown by sublimation [12] in flakes of about 
0.5 cm2 area. Afterwards a mixed monolayer of the 

F i g . 1 . Procedure for sandwich cell p repara t ion w i t h 
crysta ls . 

1 ) a luminum deposition m l b y evaporat ion t h r o u g h 
a m a s k ; 

2) Monolayer deposition b y dipping technique [ 1 4 , 1 5 ] ; 
3) deposition of the second semitransparent m e t a l elec-

trode m 2 ; 
4) mount ing with grease onto a disc of plast ics ( P V C ) ; 

electrical connexions with si lver paste (s). 

dye 3,3'-distearyl-oxacarbocyanine chlorate [13] 
and of arachidic acid with a mole ratio of 1:20 has 
been deposited by monolayer techniques [14]. The 
surface pressure was 40 dyn/cm. Additional mono-
layers of pure arachidic acid yielded increasing 
distances in steps of 27 A between the monolayer 
of the chromophore at the very surface of the 
crystal and the second evaporated aluminum 
electrode. In addition to the dye with a stearyl 
chain of 25 A, up to 4 monolayers have been 
inserted by this way as spacers. The electrodes 
were deposited by evaporation of aluminum from a 
boat source in a vacuum of about 5 • 10-5 mbar 
(Figure 1). The crystals were placed on a masc with 
holes of 4 mm diameter that was in thermal 
contact with a vessel that was cooled by liquid 
nitrogen. By the cooling, the vacuum was also 
improved, which reduced the evaporation time. 
Thus, together with the cooling of the sample, less 
damage of the dye molecules by the intense IR 
radiation from the heated boat occurred. In 
addition, the latter was partially covered by a 
radiation shield [15 a]. 

The electrodes had a typical transparency of 
about 20% that was controlled during evaporation 
by an optical detector behind a simultaneously 
evaporated glass slide [15 b]. The absorbance of this 
glass slide was measured afterwTards in a spectro-
meter. A set of probes with 1 to 5 layers has always 
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been prepared simultaneously in order to avoid 
differences of the sandwich cells as regards vacuum, 
duration of evaporation and, thus, transparency of 
the electrodes as well as density of dye molecules 
on the surface [15 a]. 

The crystals were mounted onto a support of 
plastics as shown in Fig. 1, 4, and electrical contact 
to the electrodes was made with lines of silver 
paste. 

These lines have to be thin in order to reduce 
dark injection. The disc of plastics was afterwards 
mounted into a measuring chamber with quartz 
windows and electrical connections. Photocurrent 
measurements have been made with the measuring 
arrangement shown in Figure 2. The dye covered 
surface of the crystal is illuminated by a tungsten 
lamp through a motor-driven monochromator. If 
the illuminated electrode is negatively biased by a 
high voltage supply (typically about 100 volts) a 
wavelength dependent photocurrent can be mea-
sured with an electrometer that has a sensitivity 
up to 10~14 amps. The spectra have been recorded 
with an ar-y-recorder. Current-voltage charac-
teristics and intensity dependencies have been 
measured by using the 496 nm line of an argon ion 
laser as a source of constant and calibrated light 
intensity. 

The preparation of probes for the optical detec-
tion of fluorescence and absorbance has been 
described in detail elsewhere [14 a, b] in connection 
with the broad application of monolayers for the 
study of organized systems. For the present 
investigations glass slides of size 1 x 4 cm were 
coated from one side with vacuum deposited 
aluminum, the transparency of which was again 

MONOCHROMATOR 

F i g . 2 . Measuring equipment : T h a t side is i l luminated 
where the monolayers are undisturbed between the c rys ta l 
a n d the meta l electrode. 

about 20% and thus comparable to that of the 
electrodes of the sandwich cells. Afterwards, the 
dye monolayer with the same mole ratio 1:20 as 
above was deposited and then coated with two 
monolayers of pure arachidic acid. Additional 
monolayers of inert arachidic acid between the 
dye layer and the metal surface, respectively, 
yielded an increasing distance in steps of 27 Ä of 
the chromophore from the energy quenching metal. 

It should be noted that the monolayer assemblies 
covered the glass slides on both sides. Whereas the 
side with the evaporated aluminum layer was used 
for measurements of the distance dependent 
fluorescence quenching, the other side was used as 
a reference to yield the fluorescence intensity of 
unquenched dye molecules. 

The fluorescence measurements have been done 
with an apparatus that has been designed especially 
for the detection of the weak intensities that are 
conditioned by a monolayer [16]. The dye has been 
excited by the intense band of a mercury lamp at 
435.8 nm. 

3. Measurements and Results 

3.1. Fluorescence Measurements 
The fluorescence decay time of an excited dye at 

a distance d ̂  500 Ä in front of a metal decreases 
with decreasing distance from the surface. The 
phenomenon has been treated quantitatively by 
Kuhn [17] by considering energy transfer from an 
emitter molecule to an acceptor by calculating the 
average rate of energy absorption of a thin absorbing 
layer from an electric dipole emitter at a distance d. 
With the field component oscillating in the plane of 
the layer and in the proximity field approximation 
for distances that are small compared to the 
wavelength of the excited dye, d <4 X, a simple 
relation has been obtained 

q(d)lq(oo) = r(d)lrF = 1/[1 + (d0/d)4]. (2) 

The ratio of the fluorescence quantum yields of a 
molecule at distance d to that of a molecule at 
infinite distance from an absorber, q(d)jq(oo), is 
equal to the ratio of the relevant decay times 
T ( < Z ) / T F ( T F is the fluorescence decay time in the 
absence of an acceptor), if there is only a weak 
perturbation of the radiation field of the emitter by 
the absorber. This holds for not ideal metal mirrors 
where the induced dipole is much smaller than the 
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emitter dipole [17]. The parameter do can be 
determined experimentally. 

The present fluorescence measurements have been 
obtained by exciting with the mercury line at 
435.8 nm oxacarbocyanine dye monolayers with a 
mole ratio of 1:20 on evaporated films of aluminum 
with a typical transparency of 20%. The spectra 
have not been corrected for constant fluorescence 
intensity, because afterwards only their ratios 
were used. But comparison with fluorescence 
standards shows that in this wavelength region no 
substantial deviations occur. 

The fluorescence spectra for a typical sample 
with the dye layer at a distance d = 108 Ä from the 
aluminum as well as for a dye layer on a glass slide 
without a metal layer (d = oo) are shown in 
Figure 3. They reveal 3 bands at 510, 540 and 
575 nm. Earlier, bands at 510 nm and 580 nm have 
been found and ascribed to monomer and dimer 
fluorescence, respectively [15]. But it should not be 
excluded that the broad band at 575 nm is due to 
phosphorescence, because the rigid structure due to 
adsorption favours, like cooling, luminescent tran-
sitions from the triplet state [8 b]. In this case the 
band at 540 nm could be ascribed to dimer fluores-
cence. 

The dependence of the fluorescence intensities of 
the oxacarbocyanine dye on the distance in front 
of the evaporated aluminum layer, and normalized 
to the not quenched fluorescence intensity, is 
plotted in Figure 4. The scatter of the values for 
different probes is indicated by the open bars. 
Nevertheless, they follow with sufficient accuracy 
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F i g . 3 . F luorescence and absorbance of a d y e m o n o l a y e r 
w i t h mole rat io 1 : 2 0 on a glass s l ide; le f t scale: f luorescence 
measurements ( ) a t di f ferent distances f rom the m e t a l 
l ayer wi th peaks a t 5 1 0 , 540 a n d 5 7 5 n m ; r ight sca le : 
absorpt ion measurements ( ) w i t h peaks a t 460 a n d 
496 n m . Detai ls see tex t . 

0 25 52 79 106 133 162 187 218 243 
d/Ä 

F i g . 4. R a t i o s for f luorescence (open and dashed bars) 
a n d photocurrent measurements (black bars). T h e curves 
h a v e been calculated wi th the inscribed parameters , 
do' = (99 - f 2 5 = 124) Ä is obta ined under the considera-
tion of an addi t ional spacer of AI2O3 with 2 5 Ä (arrows). 

a plot of (2) with the experimentally determined 
do = (99 ± 6) Ä at the ratio q{d)/q{00) = 1/2. 

The functional dependence of (2) has been found 
in many monolayer assemblies with dye layers 
[14 a, b], but also with a dye monolayer that has 
been deposited at well defined distances on thin 
gold layers [18]. The present measurements show 
deviations with respect to the fit of (2) in Fig. 4, 
and especially in a logarithmic plot, where straight 
lines with slope 4 should be observed (Figure 5). 
They can be explained by experimental conditions 
and physical reasons: 

The evaporated aluminum films with a thickness 
of about 120 Ä [15 b] can be uneven. Moreover, 
before depositing the monolayers, the aluminum 
covered glass slides were handled in air for some 
hours. During this time a film of AI2O3 with a 
thickness of about 25 Ä could have formed [19]. 
This would be an additional spacer between the dye 
and the energy quenching metal. Its influence on do 
depends not only on its thickness but also on its 
homogeneity and its dielectric constant. 

Quantitatively, there is no exact knowledge about 
these quantities, but qualitatively it can be seen 
from Fig. 4 that with the assumption of an addi-
tional spacer of 25 Ä, a plot with a parameter 
d0 = (99 -f 25) = 124 Ä fits also the present results, 
although with less accuracy. An even better fit 
is obtained with d0 = 124 Ä in the logarithmic plots 
in Fig. 5, that are derived from (2) for the ratio of 
intensities I by 

q{ 00) 
q(d) 

1 = 
/(oo) 
1(d) 

- 1 = do4 

d4 
(2a) 
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F i g . 5 . Logar i thmic plot of the measurements t h a t are 
g iven in F i g u r e 4. T h e s t ra ight lines wi th slope 4 h a v e 
to go through the intercept a t do a n d do', r e spect ive ly , 
where [j(°°)/j(do') — 1 ] = 1 (the s a m e holds f o r the fluo-
rescence measurements) . T h e ar rows indicate the addit ional 
distance of 2 5 Ä . 

The straight lines with slope 4 have to go through 
the intercepts do at [I(oo)/I(d) — 1] = 1. 

Nevertheless, the value of these parameters 
should not be overestimated because the bars at 
small distances have a large scatter due to experi-
mental reasons, and those at larger distances have 
an increasing error because I (oo)/1 (d) mi 1. But 
these uncertainties affect neither the principles of 
the method nor severely the value of the rate 
constant (Sect. 3.3). Therefore it seems to be 
reasonable to decide for do = 99 A on the basis of 
an idealized concept. 

The situation is quite different in case of the 
sandwich cells with do' = 78 A, where the evapo-
rated aluminum electrode covers the monolayer 
assembly and oxygen access affects mainly the not 
quenching active outer electrode surface. Therefore, 
between the crystal surface and the aluminum 
electrode the distance is given by the number of 
monolayers. 

Instead of the e£4-dependence of (2) a <Z3-depen-
dence has been suggested to describe the non-
radiative energy transfer rate constant for an 
oscillating dipole at small distances d ̂  500 Ä in 
front of a thick metal layer [20], and experimental 
evidence has been given apparently for fluorescence 
decay of singlet excitons at aluminum and gold 
electrodes on the surface of anthracene crystals 
[21a—c]. But, apart from the physical fact that 
induced charge densities have only a small, fre-
quency dependent penetration depth (skin effect) 
the application of point dipole models in front of 
dielectric media should fail where the extension of 
the dipole in the dye molecule is comparable with 
its distance from the surface. Moreover, in the 
experiments described above [21a—c] the emitter 
is not restricted to a plane but is extended into the 
bulk of the crystal. Thus, integration over the 
exciton density inside the crystal is necessary as it 
has been indicated, although not carried out, by 
Kallmann et al. [21c]. 

Vice versa, the experimental results given by 
Baessler et al. [21a—c] correspond to integrated 
fluorescence intensities, and differentiation yields 
the (independence of a quasi-linear problem. 
Although not recognized by the authors, these exact 
measurements are an example for a cooperative 
energy transfer process. It is similar to the energy 
transfer from aggregates as treated by Kuhn [17], 
where opposite charges of the dipoles along a chain 
compensate each other. The regular and oriented 
arrangement of anthracene molecules in the lattice 
plane favours the cooperative in phase oscillation, 
especially when excited with polarized light. The 
density of excited states in a molecular plane might, 
therefore, play an important role in the transition 
from a d2- to a c/4-dependence of the fluorescence 
quenching, that has hitherto nowhere been con-
sidered. 

In phase oscillations are not possible in the 
random distribution of dye molecules in a mono-
layer. But if there exists a preferred orientation, an 
experimentally determined slope should be more 
justified than the theoretical d4-law. Because of the 
large error bars, this has not been taken into 
consideration in the present treatment. 

3.2. Photocurrent Measurements 

Photocurrent measurements have been made 
with the sandwich systems (Fig. 2). The action 
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450 500 
w a v e l e n g t h ( n m ) 

F i g . 6. T y p i c a l photocurrent measurements ( ) with 
d i f ferent distances of the d y e f r o m the a luminium electrode 
as indicated. T h e absorbance of a p-chloranil single crysta l 
is a lso shown ( , inner scale). T h e curves are normalized 
to constant l ight intensi ty . 

spectra that have been obtained by illumination of 
the negatively biased, dye covered surface with 
monochromatic light, show maxima at 408 and 
496 nm, and a shoulder at 465 nm (Fig. 6). 

The peak at 408 nm is due to the dissociation of 
triplet excitons at the phase boundary. They are 
generated by excitation of n-n* singlet excitons 
(2.7 eV) within the crystal bulk (Fig. 7, left side). 
Within experimental accuracy it can be stated 
that only for distances d < 54 Ä it decreases 
slightly with decreasing d. This proves not only 
that energy transfer from triplet excitons to the 
metal is not an efficient process because it is a short 
ranged exchange interaction of Dexter type [23], 
but implies also that dissociation of an excited 
surface molecule 3CA* occurs rather at the directly 

d y e c r y s t a l dye c r y s t a l 

• 2 1 i A3-
•5.9 

- - - - - C. 
AEexc=2.7 
7.0 

AE = 2.5 
3M 
L3* 

- E 
T 

e x c i t o n d e c a y 

f — 5.9 

l-E 
s e n s i t i z a t i o n 

F i g . 7. E n e r g y levels (with respect to a n electron a t rest 
in vacuo) t h a t are re levant for exc i ton decay (left side) 
a n d sensitization (right side). A n n - n * singlet exci ton 
is indicated (2.7 e V ) f r o m where a tr iplet with 2 .39 eV 
is fo rmed . T h e dashed area of C . B . means not the width 
of the conduction b a n d b u t the uncerta inty of its location. 

adsorbed dye (D) or the carboxylic groups of 
arachidic acid (A) molecules, yielding an electron 
eCA within the crystal, 

ke 3CA* + D, A eCA + D+> A+ , (3) 
than at the metal electrode where for a distance of 
27 Ä an efficiency of only 10~2 has been found [24]. 

The peak at 495 nm with a shoulder at 465 nm 
resembles the absorbance of a dye monolayer on a 
glass sliee (Fig. 3 compared to Fig. 6) [15 a]. It 
comes from the sensitizing action with a charge 
transfer rate constant &ct of the excited dye D* 
with a surface density [D*] (Fig. 7, right side) 

D* + CA — - D+ + eöA . (4) 

With light intensity I and an absorption cross 
section o(X) the photocurrent density becomes 

j = ea(l)I[D]0CT(d). (5) 

It decreases via the quantum efficiency for charge 
transfer, &QT (d), with decreasing distance of the 
adjacent evaporated metal electrode from the dye 
molecules on the crystal surface. 

Several sets of probes as described above (Sect. 2) 
have been measured and the scatter of values is 
indicated by the bars in Figure 4. The dependence 
of the ratios of quenched to unquenched photo-
currents or quantum efficiencies, respectively, on 
the distance d, 

m 
j( oo) 

0(d) 
0 (oo) 

1 
1 + (do'Id)* ' 

(6) 

with the experimentally determined parameter 
do' = 7 8 ± 6 Ä at 0 C T ( ^ O ' ) / ^ C T ( O O ) = 1/2, is similar 
to (2) and deduced in the following section. 

In contrast to the fluorescence measurements, 
where q(oo) is simply obtained by the fluorescence 
of a monolayer on a glass slide, the photocurrent 
measurements are available only up to a distance 
of 133 Ä between the dye and the metal electrode. 
Therefore, for each set of probes with distances up 
to 5 monolayers, the values j = j(d) have been 
plotted and, using also ^CT(^O)/^CT(°°) = 1/2 at 
the turning point, an extrapolation to 0CT(°°)I 

0 C T ( o o ) = 1 has been performed graphically. 
The same bars as in Fig. 4, plotted in the loga-

rithmic scale of Fig. 5 allow for a straight line 
through do' = 78 Ä with a slope 4. The deviations 
at larger distances are smaller than those in an 
earlier plot [9] with slope 3.8, that holds for d<C do'. 
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F i g . 8. Current-vol tage plots of one set of probes t h a t has 
been prepared s imultaneously . The labels indicate the 
n u m b e r of monolayers between the crysta l sur face a n d 
the a d j a c e n t metal e lectrode; the first monolayer contains 
the d y e . E x c i t e d a t 496 n m . 

Photocurrent densities depend on the applied 
voltage. In agreement with injection currents into 
molecular crystals [25], typical current-voltage 
plots (Fig. 8) start with a space charge limited 
region and proceed at higher field strengths of 
about 104 V cm-1 with a transition into an electrode 
limited current (ELC). The latter follows for an 
extended voltage range a plot j ~ exp(6J5J1/2); 
b is the Schottky constant [26] and can be derived 
from the well-known Butler-Volmer relation [26 d]. 

Figure 8 shows current voltage plots for a set of 
sandwich cells with increasing distances from 25 Ä 
to 106 Ä between the dye and the adjacent metal 
layer. Unfortunately, not every cell works because 
of known or unknown mistakes during preparation 
and handling. Therefore, no complete set with 
distances from 25 to 133 Ä can be presented. But 
Fig. 8 is a good and typical example to show the 
increasing range of the ELC with increasing 
distance of the excited dye from the metal. The 
steeper increase at the end of the curves has a 
relation to the dark current behaviour that increases 
also in this voltage range. 

The wavelength dependent photocurrents and 
the values in Fig. 4 were recorded with a voltage 
just beyond the space charge limited region, i.e. 
with 100 volts. It can be seen that this value is too 
high for the curve at smallest distance where the 

ionized dye molecules cause an additional internal 
field induced current from the metal [27]. 

Finally, intensity dependent measurements 
(Fig. 9) with intermittent irradiation by the 496 nm 
line of an argon ion laser for about 4 seconds show 
for each point a nearly linear relationship (slope 0.9 
in Fig. 8) between photocurrent and light intensity 
up to illumination rates that are far higher than 
those used in the distance dependent measurements. 
These have been made in the range from 100 to 
500 [xW cm-2. An earlier reported square root 
dependence [9] turned out to be an artifact that 
came in by a misinterpretation of photocurrents 
that were decreasing due to a possible destruction 
of the cells under steady state illumination with 
high intensities larger than 1 mW cm-2. 

Together with high quantum efficiencies {&CT ̂  1) 
and the electrode limited voltage dependence this 
linear intensity dependence assertaines that not the 
regeneration of the dye causes saturation effects 
with increasing number of inserted layers of 
arachidic acid. Indeed, the regeneration of dye 
molecules occurs via the layer system and is thus 
clearly localized. It is possible because the ionized 
dye molecules cause a high electric field larger than 
106 V cm -1 between the dye and the metal electrode, 
which has been assertained independently by the 
electrochromism of a merocyanine dye [28], The 
conductivity of arachidic acid monolayers between 

intensity (^W cm-2) 

F i g . 9. Current- intensi ty re lat ionship ; slope 0.9 has been 
eva luated . E x c i t a t i o n occurred wi th intermittent l ight 
of the 496 n m line of an argon ion laser. 
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metal electrodes has been measured [29]. It allowed 
for current densities up to 10~6 amps cm -2. The 
rather good conductivity of monolayer assemblies 
can be explained by conductivity tunnelling [30 a] 
or a model of quantum mechanical hopping [30 b]. 

3.3. Evaluation of the Rate Constant &CT 

The dye is directly adsorbed on the surface of the 
p-chloranil single crystal. If we neglect internal 
deactivation processes for those dyes with a high 
fluorescence efficiency, the decay time of the 
excited state x(d) is now determined by the rate 
constants of three decay channels, i.e. fluorescence, 
kF, energy transfer to the metal, &ET(d), and charge 
transfer to the crystal, kcT-

T ^ &CT + &F + k-Ei{d) ' 

It depends thus also on the distance of the dye from 
the metal surface via 

Therefore, the quantum efficiency &CT(d) in (5), 
that depends on the ratio of the rate constant for 
charge transfer ICQT devided by the rate constants 
of all deactivation processes that are considered 
in (7), becomes 

0 C T W = I. . I ^ I L • 1cCT + «F -f &ET(«) 
If the rate constants for fluorescence and energy 
transfer are drawn together to a distance dependent 
rate constant for the decay of the excited dye when 
there would be no competing charge transfer to the 
crystal, kF + k-Ei(d) = k(d), this second term in (8) 
can be replaced by (2) for lifetime shortening by 
energy transfer, 

k(d) = kv[l + (dold)*), (9) 

and the distance dependent quantum efficiency for 
the sensitized photocurrent becomes now 

^ c t ( d ) = h__ , 7„_ r ^ - j - 0 - V 4 T - . ( 1 0 ) &CT + &F 
kcT 

1 + 
kF 

&CT + &F 
Normalization to unquenched photocurrents, where 
d = oo, yields after some rearrangement 

&CT{d) 1 
$ C T ( o o ) kF 

kF + kCT 

( 1 1 ) 

The evaluation of the rate constant for the charge 
transfer step is now possible in an analytical way 

[10] if the parameter do is introduced for the 
photocurrent measurements, 

kF 
(d0y = 

kF + kCT 
(do)* 

The insertion of (12) into (11), 
0 C T (d) I 

^ct(oo) ~~ 1 + (do'Id)* ' 

(12) 

(13) 

shows the similarity of the dependences on the 
distance of the ratios of photocurrent (13) and 
fluorescence (2) efficiencies. That is, despite the 
fact that we are measuring the photocurrent 
efficiency, we get the functional dependence of 
fluorescence quenching (Figure 4). 

Whereas do = (99 ± 6) Ä can be determined from 
optical measurements, do' = (78 ̂  6) Ä can be 
determined from photocurrent measurements. The 
insertion of these values into 

kCT = kF[(doldo')* - 1] (14) 

yields, with kF = 9.1 • 108 sec-1 for the decay 
constant of the fluorescence of dye molecules in a 
monolayer [31], the rate constant for the sensitized 
charge carrier injection into the p-chloranil crystal 

kCT = (1.5 ± 0.7) • 109 sec -1. 

The error is given by experimental incertainties in 
the determination of do and do' from Figure 4. 
Equation (14) shows that the method is the more 
pronounced the more do and do' differ from each 
other. The condition do>do is physically reason-
able for all systems with charge transfer interaction. 

The formation of the A^Oß-layer with a thickness 
of up to 25 Ä as described before would act as an 
additional spacer. In this case, do — 124 Ä and (14) 
yields fcCT = 5 • 109 s -1 . This value would be even 
closer to an earlier estimation [11a] of kCT ^ 1010s-1, 
and the rate constant given above may therefore 
be a lower limit for charge transfer from an excited 
cyanine dye into p-chloranil crystals. 

The quantum efficiency of (8) yields, without 
competing energy transfer, with kF = 9.1 • 108 sec-1 

and &ct= 1-5 • 109 sec-1 a theoretical value of 
$ C T = 0.6, that is within the range of experimental 
values. The latter were determined by the ratio of 
the photocurrent densities with the generation rate 
of excited dyes that is given by the flux of photons I 
through the semitransparent electrode with a 
transparency T and the absorbance A of a mono-
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layer of typically 1%, 0cY = jjIAT. Usually they 
are higher and even up to one. Sometimes low 
values are found, and it is suggested that they are 
due to dye damage in course of evaporation of the 
metal electrodes as described above [15 a]. 

4. Discussion 

The study of the kinetics of a system involves not 
only the determination of a reaction rate constant, 
but also, at least, a discussion of the reaction 
mechanism and the exclusion of competing reac-
tions. 

Energy transfer from the excited dye to the 
crystal cannot be an efficient process, because the 
dye's excited singlet state with 2.5 eV (Fig. 7) and 
its triplet state with tm 2 eV [32] are lower than the 
states of available acceptors within the crystal: 
there are only n-jr* singlet transitions with a low 
extinction coefficient of 102 cm -1 [33] and excitation 
energies of 2.63 eV and 2.72 eV [34] on the shoulder 
of a n-n* transition with 3.04 eV (408 nm) available. 

Charge transfer causes the photocurrents. The 
sensitizing action of the dye is possible from its 
excited singlet state D* at 3.4 eV [35] into the 
conduction band CB of the crystal at 4.3 eV [36] 
(Figure 7). Figure 10 shows two reaction schemes: 
The simplified one above describes the straight-
forward reaction of sensitization with the overall 

d y e crys ta l 
phase boundary 

k , k, 

F i g . 1 0 . Models f o r sensitized charge carrier injection, 
a b o v e : s impl i f ied description for the overal l process ; 
be low: detai led react ion scheme including the intermediate 
s ta te ( D " . . . eöA). 

rate constant &CT that has been (Chapt. 3) subject 
of the preceding investigation. Equation (4), 
supplemented by the back reaction of recombina-
tion, is now 

D* + CA - D+ + ecA 
/ 

X t 
D + CA 

and the rate for free carrier formation is 
d [

e

cÄ] 

dt 
= kci[D*] — &R[eCA] 

(15) 

(16) 

(throughout the paper surface densities are used). 
Constant quantities like [CA] and [D+] are drawn 
together with the relevant rate constant in order 
to get first order rate constants, e.g. &CT = &CT[CA] 
and = &R[D+]. 

The extended reaction scheme shown in the 
lower part of Fig. 10 involves in a microscopic 
picture of the charge transfer step the intermediate 
state (D+ ... e<TA) [12, 37], the dissociation of which 
with kes is now the rate determining step 

D* + CA^ 
kd 
\ (DH e C A ) f * + e C A 

Kre 
(17) 

D + CA j / 
kT 

Similarly to (16), the rate equation for free carrier 
formation d[eQA]ldt has been derived [38] as well 
as those for the preceding state, d [D+ ... e^ /dt . 
Some rearrangement yields finally the photocurrent 
density in analogy to (1): 

j = e[ka[D*] ^ES - ^ [ E ^ U - ^BS)] , (18) 
with the quantum efficiency <Z>ES = &es/(&es + &r) 
for free carrier formation from the intermediate 
state. The second term vanishes for quantum 
efficiencies up to one, but it vanishes also under 
electrode limited current conditions, because in this 
case [e^A] —> 0. The first term can be compared 
with (1), and it follows that the overall rate 
constant &CT IS >̂ES • 

A further treatment of (1) and (18) requires the 
calculation of [D*] via the reaction scheme 

D + hv^D* 
' kT (19) 

and the rate equation, that has to involve the 
charge transfer step (&CT for the simplified scheme 
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(Fig. 10, above) and k& for the extended scheme, 
below), 

d[D*]/dt = a I[D]- (kF + kd)[D*]. (20) 

It yields under equilibrium conditions 
o{X)I\B\ 

[D*] = 
ka + k-p 

(21) 

Together with (18) the photocurrent density 
becomes now, in analogy to (5), 

j = eo(X)I[D]0j>(d)-& e s , (22) 

and comparison shows 0cT{d) = 0v{d) • 0es> i e. 
the measurable over-all quantum efficiency 0qt {d) 
for the photocurrent is the product of the disso-
ciation efficiency of the excited dye, 0& (d) = 
kdl{kd~{~kF), times the efficiency for charge carrier 
escape, $ES = fces/(^es + &r)-

Numerical estimations from calibrated measure-
ments are possible on the basis of (1) and (21). It 
has been stated that (1) is not suitable to calculate 
kcT because the density of excited dye molecules is 
not known. Now, as &CT=1-5X 109 S - 1 has been 
determined by an independent method, (1) is even 
suitable to determine [D*]. It can be compared 
with an estimation from (21): 

With a typical photocurrent j = 1.1 X 10~7 A cm -2 

and &ct= 1-5 X 109 s - 1 it follows from (1) that 
[Z>*] = 4.6 x 102 cm-2. However, insertion into 
(21) of a =1.1 X 10-16 cm-2, 1 = 8 x 1014 photons 
cm -2 s - 1 at 496 nm, [D] = 1014 cm"2 (the actual 
area of one dye molecule [39] is 75 Ä2, but a tight 
arrangement cannot be assumed), ka & kcr = 
1.5 x 10 9 s- i , and JkF = 9.1 X 108 s~i yields [D*] = 
5.6 X 103 cm-2. 

The second estimation yields a value that is 
about one order of magnitude too high. This 
suggests that either [D] is far from a tight brick-

layer arrangement [39] or the actual dye concen-
tration has been reduced by dye damage in course 
of preparation [15 a], 

Finally, the presented results could be a model 
experiment to explain the decreasing photo-
currents with increasing dye concentration for 
systems like an aqueous solution of rhodamine B 
[5] or methylene blue [41] on the surface of 
anthracene crystals. In addition to the proposed 
aggregated adsorption [40] and hindered access of 
oxygen [41] it might be suggested on the basis of 
competing energy transfer that with increasing 
concentration, and probably enhanced by adsorp-
tion phenomena, the interaction radius between 
the molecules decreases and due to Förster's 
resonance transfer [42] excitation energy is with-
drawn from the surface. 
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